Orbital angular momentum (OAM) has been extensively studied to date and has become topical in the last few years due to its potential for increasing bandwidth in optical communications. The so-called Dammann vortex grating (DVG) can generate a series of equal-energy OAM beams and satisfactorily realize OAM parallel detection, an important challenge in this field. However, previously reported DVGs suffer from polarization sensitivity, low efficiency, or the lack of tunability and mode variety. Here, a design of liquid-crystal DVGs is proposed and demonstrated for the generation of various equal-energy OAM beams. The DVGs, featured by alternative orthogonally planar-aligned regions, are carried out via photopatterning technology. Beam arrays composed of arbitrary OAM modes, as well as two-dimensional ones, are generated in good quality and high efficiency. The liquid-crystal DVGs exhibit merits of excellent polarization independency, electrical switchability, and tunability. This supplies a promising approach towards OAM generation, manipulation, and detection.
I. INTRODUCTION
Orbital angular momentum (OAM) has attracted considerable attention over the past two decades [1] [2] [3] [4] . One example of an OAM-carrying mode is the LaguerreGaussian (LG) beam [5, 6] , which has two indices: the azimuthal index (m, i.e., the topological charge) and the radial index (p). A LG beam is featured by a helical phase front with a singularity in the center, resulting in a donutlike intensity distribution with p þ 1 concentric rings and an OAM of mℏ per photon [5] . OAM adds a new degree of freedom to the manipulation of light, inspiring applications including optical tweezers [7, 8] , nanostructure fabrications [9] , nonlinear optics [10] , and quantum informatics [11] [12] [13] . Especially, due to the infinite number of OAM states, the capacity of optical communications systems can be drastically enhanced via OAM-based multiplexing [14] [15] [16] and demultiplexing [17, 18] technology.
Dammann vortex grating (DVG) provides equal-energy distribution among all desired diffraction orders with specific OAM states [19] [20] [21] . It enables the individual modulation and simultaneous detection of OAM, and thus can satisfactorily realize OAM parallel detection (i.e., detecting multiple collinear OAM beams in parallel), which is an important challenge in OAM-based optical communications [19] . At present, DVGs are mainly fabricated on photoresists [19] [20] [21] or glass substrates [22] via microelectronic lithography, or accomplished by spatial light modulators [23, 24] . However, these techniques suffer from several drawbacks. The former is static and only highly efficient for certain wavelengths, while the spatial light modulator is commonly polarization dependent, costly, and optically inefficient. Besides, just simple LG beams with integral m and zero p are demonstrated. These restrict the applications of DVGs. Therefore, it is of great significance to explore new approaches to generate broadband-suitable and polarization-insensitive OAM beam arrays in high efficiency, good quality, and flexible mode variety.
In this work, liquid-crystal (LC) DVG consisting of alternative orthogonally planar aligned (PA) regions is proposed. Various LC DVGs are demonstrated through photopatterning a polarization-sensitive alignment agent with a dynamic microlithography system. Beam arrays composed of arbitrary OAM modes carrying integral or fractional m with and without p, as well as twodimensional arrays, are generated in high quality and good energy uniformity. Moreover, these DVGs exhibit advantages of electrical switching, polarization independency, and tolerance to the wavelength of incident light.
II. PRINCIPLE AND FABRICATION
Dammann gratings (DGs) can uniformly distribute light energy among all desired diffraction orders [25, 26] . Each period of the DG is composed of certain binary phase regions of different widths [27, 28] . By combining DGs with conventional fork gratings (i.e., DVGs), equal-energy OAM beams at designed diffraction orders can be obtained. The spiral phase of the OAM modes can be integrated with the blazed grating phase to obtain a phase distribution written as
where m denotes the topological charge, ϕ is the azimuthal angle, x represents the horizontal axis, and Λ is the pitch of the grating. For more general cases of the LG mode, a term corresponding to the radial index p should be introduced [29] [30] [31] . The phase distribution changes to
where θðxÞ represents a unit step function, L jmj p ðxÞ represents the generalized Laguerre polynomial, and r 2 ¼ x 2 þ y 2 and w 0 represents the output beam-waist radius. Owing to the change of the sign of the associated Laguerre polynomial, there exist p circular discontinuities where the phase shifts by π. Therefore, the transmission function of a general DVG can be described as
where the coefficient C n of the nth order can be expressed as [32] 
where fx k g are normalized phase transition points in one period with boundary values x 0 ¼ 0 and x N ¼ 1, and N is the total number of transition points. jC n j 2 is the power of the nth order normalized with respect to the total power. By optimizing the values of fx k g, the light energy can be distributed into desired orders (M) with good uniformity and high efficiency. Accordingly, when the incident light passes through such a DVG, it will be diffracted into several desired orders with equally distributed energy carrying topological charge nm. Specially, due to the phase shift of nπ, only odd orders possess a nonzero p.
The phase pattern of DVG can be obtained by binarizing a blazed spiral-phase distribution [Eq. (2)] into 0 and π phase values. By integrating two orthogonal onedimensional DVGs [i.e., modðφ x þ φ y ; 2πÞ, where φ x and φ y are the binarized phase patterns of one-dimensional DVGs in x and y dimension, respectively], two-dimensional DVGs can be realized, which have the ability to create M x × M y spot array. In this work, DVGs with five desired diffraction orders are presented using normalized phase transition points within each period: Such phase patterns (both one-dimensional and twodimensional ones) can be realized by locally controlling the LC orientations due to its pronounced optical birefringence. As illustrated in Fig. 1(b) , the phase pattern marked in the dashed line in Fig. 1(a) is formed by the orthogonal PA regions. Thanks to such a design, any incident light could be decomposed into two perpendicular components, polarized along the two alignment directions (x and y). Because of the refractive-index difference (Δn x or Δn y ) between adjacent regions, phase retardation (Γ x or Γ y ) will be induced. Δn x and Δn y can be described as
where n eff changes from n e to n o with an increasing voltage. Then, Γ x and Γ y are
where d is the cell gap and λ is the wavelength of incident light. The two perpendicular components will experience the same phase retardation. Thereby, the diffraction efficiency is independent of incident polarization [33] . When Γ ¼ ð2a þ 1Þπ (a is an integer), the LC DVGs can generate equal-energy OAM beams in the maximum efficiency (on state). While Γ ¼ 2aπ, the diffraction cannot occur (off state). The electro-optical tunability of LCs makes it possible to dynamically switch between on/off states and operate at different wavelengths. Photoalignment is suitable for high-resolution multidomain LC alignments [34] . Here, a two-step photoexposure process [33] is performed to carry out the designed LC orientations through photopatterning via dynamic microlithography technology [35] . A polarization-sensitive and rewritable sulphonic azo-dye SD1 (Dai-Nippon Ink and Chemicals Inc., Japan) is used as the alignment agent. The SD1 molecules tend to reorient their absorption oscillators perpendicular to the UV light polarization and further guide the LC directors [36] . The excellent image output capability of this technique allows arbitrary LC orientations to be generated conveniently [37, 38] . Two pieces of glass substrates spin coated with SD1 are assembled with 6-μm spacers and then sealed with epoxy glue to form the cell. Then it is placed at the image plane of the exposure system to record the patterns with certain polarization. Afterwards, filling the cell with LC E7 yields the designed DVGs. ) show the cases that the incident polarization is parallel or perpendicular to the alignment directions. So the incident light does not change its polarization, and is blocked by the crossed analyzer while it totally passes through the parallel analyzer, indicating dark and bright states, respectively. For Figs. 2(c) and 2(d) , the polarizer is fixed at 45°with respect to the alignment directions. In this case, the incident light satisfying the half-wave and fullwave condition can transmit the crossed and parallel analyzer [39] , corresponding to the greenish and purplish states here. In all micrographs, any adjacent regions are quite uniform in color and brightness except for some boundary lines, which are related to the disclinations between the adjacent heterogeneous orientations [40] . The dispersed dark points are spacers for maintaining a uniform cell gap. The uniformity proves the high quality and excellent orthogonality of adjacent alignment.
III. RESULTS AND DISCUSSION
A linearly polarized 632.8-nm laser illuminates the sample in Fig. 2 and the diffraction patterns are captured by a camera. As expected, there mainly exist five orders and the AE1st, AE2nd orders are donut-like OAM modes carrying topological charges of AE1, AE2, respectively. The dependency of the diffraction efficiency (η) on the applied voltages (V) is investigated. Here, η is defined as the intensity ratio of certain diffraction order to the total transmitted light. η-V curves of the 0th, AE1st, and AE2nd orders are plotted in Fig. 3(c) . Along with the increase of V, according to Eq. (6), Γ decreases gradually towards zero as n eff changes from n e to n o [39] . AE1st and AE2nd orders always change synchronously with similar efficiencies. At 1.6 V, Γ ¼ 2π and the diffraction is highly suppressed (η AE1 þ η AE2 ¼ 3.3% AE 0.2%) and only the 0th order can be clearly observed (off state) as shown in Fig. 3(a) . While at 1.2 and 2.5 V, Γ changes to 3π and π, respectively, and the LC DVG generates five equal-energy diffraction orders. Both AE1st and AE2nd orders can be clearly observed (on state) as shown in Fig. 3(b) . At 2.5 V, η 0 ¼ 13.0% AE 0.2%, η þ1 ¼ 16.8% AE 0.3%, η −1 ¼ 16.6% AE 0.3%, η þ2 ¼ 13.8% AE 0.2%, and η −2 ¼ 13.4% AE 0.2%. The total efficiency is η ¼ 73.6% AE 0.5%, consistent with the theoretical value 77.4% [27] . The dependency of all five diffraction orders on the incident polarization at 2.5 V is plotted in Fig. 3(d) . A half wave plate is utilized to alter the incident linear polarization from 0°to 360°. Their diffraction efficiencies are almost unchanged, verifying the excellent polarization independency to normally incident light.
Two examples of two-dimensional DVGs with m ¼ 1 and 1 and m ¼ 1 and 3 are exhibited in Figs. 4(a) and 4(b) and Fig. 4(c) , respectively. The latter one has more fork fringes in y dimension. Figure 4(d) shows the diffraction pattern of the former sample at 632.8 nm. 5 × 5 diffraction orders (n x , n y ) carrying topological charge n x m x þ n y m y (here, m x ¼ m y ¼ 1) are clearly observed. The detailed topological charge distribution is presented in Fig. 4(e) . The efficiencies of high-order OAM modes are improved compared to conventional vortex gratings [14] . By electrically tuning, the phase retardation can reach π for a wide wavelength range. According to Eq. (6), for the LC E7 and d ¼ 6 μm, we obtain λ max ≈ 2.4 μm. It is worth mentioning that the SD1 could be reoriented by blue or UV light, which restricts its applications in the corresponding wavelength range. However, the problem could be solved by introducing inerasable alignment agents [41] . That means the device can operate at a range from green light to near infrared, for instance, equivalent diffraction property is also achieved at 532 nm for the same sample at 2.7 V as shown in Fig. 4(f) .
In addition to the above simple OAM modes, more complex OAM modes carrying a fractional topological charge and nonzero radial index are also demonstrated. The phase pattern of a DVG with m ¼ 0.5 is revealed in Fig. 5(a) , featured by a radial phase dislocation corresponding to the fractional part of the topological charge [42] . A corresponding micrograph is shown in Fig. 5(b) . The phase astride the radial discontinuity shifts half period for half integer, resulting in broken annular diffraction patterns as the first orders (m ¼ AE0.5) exhibited in Fig. 5(c) . Herein, only DVGs with five desired diffraction orders are presented as examples. Actually, the order number could be freely designed by selecting proper Dammann parameters. The energy distribution of different diffraction orders is slightly nonuniform. Some intensity distortion can be observed, which is caused by the imperfect structure of grating or phase singularity [43] . These could be attributed to the errors in the fabrication process and influence of the disclination lines. The above issues could be addressed via increasing the resolution of the exposure system and optimizing Dammann parameters. Besides the dynamic microlithography technology, other methods such as laser direct writing [44] can also be adopted to demonstrate the design. For the nematic LC E7 used here, the switching time is in the millisecond scale, which can be further improved to submillisecond, even tens of microsecond, by employing dual-frequency [40] or ferroelectric LC [45] .
For parallel detection [19, 21] , when the illuminating beam is multihelix composed of OAM with charge fm 1 ; m 2 ; …; m m g, the same diffraction order n of the DVG with charge m will possess the superposition OAM modes with charge fnm þ m 1 ; nm þ m 2 ; …; nm þ m m g. If among fm 1 ; m 2 ; …; m m g, there is one value of m x satisfying m x þ km ¼ 0, the wave function of the order k will possess a partial plane wave. In the far field, this is characterized by a central bright spot which can serve as the criteria for detection. Thanks to the relatively higher efficiencies of high-order OAM modes generated by DVGs, the detection range would be greatly extended (for example, a topological charge detection range from −12 to þ12 was achieved in Ref. [20] ). Additionally, OAM can be individually modulated without overlapping. Moreover, the applications of the proposed LC DVGs are not limited to OAM detection. Both fractional m and nonzero p LG modes, which have great potentials in quantum entanglement [46, 47] , cold atom trapping [48] , and gravitational wave detection [30] , are demonstrated by the Dammann concept encoded structures. The excellent mode variety may further extend the capability of optical communications and bring new opportunities to other fields.
IV. CONCLUSION
Photopatterned LC DVGs are proposed and demonstrated for the generation of various equal-energy OAM beams. They are composed of alternative orthogonal PA regions and realized by photopatterning a polarizationsensitive alignment agent through a dynamic microlithography system. A variety of OAM beams including integral or fractional m with and without p, as well as the two-dimensional OAM beam arrays, are generated in high efficiency and good quality. Excellent electrical switching, polarization independency, and wavelength tolerance are exhibited. This work supplies a universal and practical approach for OAM generation, manipulation, and detection. 
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